
 
AFRL-RX-WP-TP-2011-4380 

 
 

CHARACTERIZATION OF COMPOSITE MATERIALS 
USING MILLIMETER-WAVE TECHNIQUES (PREPRINT) 
 
A.T. Cooney 
 
Ceramics Branch 
Metals, Ceramics & Nondestructive Evaluation Division 
 
L. Owens, M. Bischoff, D.T. Petkie, and J.A. Deibel 
 
Wright State University 
 
 
 
 

NOVEMBER 2011 
 
 
 
 
 

Approved for public release; distribution unlimited.  
See additional restrictions described on inside pages  

 
STINFO COPY 

 
 
 
 
 
 
 

AIR FORCE RESEARCH LABORATORY 
MATERIALS AND MANUFACTURING DIRECTORATE 

WRIGHT-PATTERSON AIR FORCE BASE, OH 45433-7750 
AIR FORCE MATERIEL COMMAND 

UNITED STATES AIR FORCE 



REPORT DOCUMENTATION PAGE 
Form Approved 

OMB No. 0704-0188 

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, searching existing data 
sources, gathering and maintaining the data needed, and completing and reviewing the collection of information.  Send comments regarding this burden estimate or any other aspect of this collection of 
information, including suggestions for reducing this burden, to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson 
Davis Highway, Suite 1204, Arlington, VA 22202-4302.  Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a 
collection of information if it does not display a currently valid OMB control number.  PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS. 

1.  REPORT DATE  (DD-MM-YY) 2.  REPORT TYPE 3.  DATES COVERED (From - To) 

November 2011 Technical Paper 1 November 2011 – 1 November 2011
4.  TITLE AND SUBTITLE 

CHARACTERIZATION OF COMPOSITE MATERIALS USING MILLIMETER-
WAVE TECHNIQUES (PREPRINT) 

5a.  CONTRACT NUMBER 

In-house
5b.  GRANT NUMBER  

5c.  PROGRAM ELEMENT NUMBER 
62102F 

6.  AUTHOR(S) 

A.T. Cooney (AFRL/RXLN) 
L. Owens, M. Bischoff, D.T. Petkie, and J.A. Deibel (Wright State University) 

5d.  PROJECT NUMBER 

4347 
5e.  TASK NUMBER 

50 
5f.  WORK UNIT NUMBER 

LN111100 
7.  PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8.  PERFORMING ORGANIZATION 

REPORT NUMBER
Ceramics Branch/Metals, Ceramics & Nondestructive Evaluation Division 
Air Force Research Laboratory, Materials and Manufacturing Directorate 
Wright-Patterson Air Force Base, OH 45433-7750 
Air Force Materiel Command, United States Air Force 

AFRL-RX-WP-TP-2011-4380 

9.   SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 

Air Force Research Laboratory 
10.  SPONSORING/MONITORING  
        AGENCY ACRONYM(S) 

Materials and Manufacturing Directorate 
Wright-Patterson Air Force Base, OH 45433-7750 
Air Force Materiel Command 
United States Air Force 

Wright State University 
3640 Colonel Glenn Hwy 
Dayton, OH 45435 

AFRL/RXLN 
11.  SPONSORING/MONITORING  
        AGENCY REPORT NUMBER(S) 

 AFRL-RX-WP-TP-2011-4380
12.  DISTRIBUTION/AVAILABILITY STATEMENT 

Approved for public release; distribution unlimited. 

13.  SUPPLEMENTARY NOTES 

The U.S. Government is joint author of this work and has the right to use, modify, reproduce, release, perform, display, 
or disclose the work.  PA Case Number and clearance date: 88ABW-2011-3944, 19 Jul 2011. Preprint journal article to 
be submitted to IRMMWTHz-2011. This document contains color. 

14.  ABSTRACT 

Millimeter-wave reflection and transmission measurements were performed on various composite materials in order to 
characterize the changes in the structural and optical properties after being subjected to thermal and mechanical 
degradation. 

15.  SUBJECT TERMS    

ceramic matrix composites, thermal protection systems, electromagnetics, terahertz, nondestructive evaluation 

16.  SECURITY CLASSIFICATION OF: 17. LIMITATION  
OF ABSTRACT:

SAR 

 NUMBER 
OF 
PAGES 

4 

19a.  NAME OF RESPONSIBLE PERSON (Monitor) 

a.  REPORT 
Unclassified 

b. ABSTRACT 
Unclassified 

c. THIS PAGE 
Unclassified 

        Kenneth Davidson 

19b.  TELEPHONE NUMBER (Include Area Code) 
N/A 

 
 

Standard Form 298 (Rev. 8-98)   
Prescribed by ANSI Std. Z39-18 

 



 Characterization of Composite Materials using Millimeter-wave Techniques 
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Abstract: Millimeter-wave reflection and transmission 
measurements were performed on various composite 
materials in order to characterize the changes in the 
structural and optical properties after being subjected to 
thermal and mechanical degradation. 

I. INTRODUCTION AND BACKGROUND 
Our motivation for this work has been centered on the 

development of NDE methods for dielectric materials to 
identify defects in either the fabrication of the components 
or through their extended use in high thermal and 
mechanically stressed environments.  Two such harsh 
environments are aircraft turbine engines and high altitude 
air travel.  Defects are often evident through delamination, 
coating separation, and other forms of material 
degradation.  Our methods of identifying defect features in 
an imaging system are through quantifying changes in the 
reflectivity and transmissivity of the sample that are due to 
base changes in the structural and/or optical properties.  
While transmission evaluations can be easier to interpret, 
not all materials are highly transmissive to millimeter-
wave (MMW) radiation nor do in-situ applications lend 
themselves to transmission techniques.  This has motivated 
the development of reflectivity measurement techniques.  
Many reflecting systems have been discussed in recent 
years1-3

II. MEASUREMENT SYSTEMS 

.   Since these past techniques, as well as ours, are 
all designed for particular materials, we have been focused 
on the identification of the nuances of the defect signatures 
that are dependent on specific MMW sensing systems. 
Materials we have studied thus far are an Oxide /Oxide 
and SiNC/SiC ceramic matrix composites (CMC).    

Our past work has concentrated on reflection imaging 
and transmission interferometry [4].  Initial measurements 
on the several composite samples showed that they were 
very highly absorbing such that much of the data measured 
in transmission from 132 to 240 GHz had a very low 
signal-to-noise ratio.    This led to the development of 
methods for measuring the spectra in reflection mode.   

Our setup for measuring reflection was made with 
normal incidence with the source and detector coupled via 
a mylar beam splitter.  In both the imaging system and the 
reflection system a collimated beam was focused on to the 
sample via an off axis parabolic mirror (f/1.5), which 
provided high spatial resolution (diffraction limited) and a 
short depth of focus.  A measure of the 3-D spatial profile 
of the focused beam was completed by mapping the 
reflected intensity off of a XYZ positioned mirror.  The 
raster scanned imaging system made use of a similar 
optical design.  Coupon and reference sample images were 
acquired at specific frequencies in the 80-120 GHz range.       

III. RESULTS 
Continuous wave systems are known for standing wave 

artifacts which are a result of the reflections between any 
normal surfaces in system, such as the sample and 
source/detector.  This results in an etalon-line baseline that 
reduces the accuracy of the measurements.  Each system 
made use of AM and FM modulation and careful 
consideration of the optical design to reduce the standing 
wave effects.  The reflectance system frequency swept 
from 132 to 240 GHz at 1 kHz[4], of which only the range 
from 142 to 198 GHz had enough power to produce 
reliable reflection results.  This region is associated with 
the 1/e point of the source diode manufacturer’s power 
curve [5].  Reflection values measured outside this region 
varied widely.   

 

Another source of error was thickness and flatness 
variations in the sample.  For our CMC coupons there were 
thickness and flatness issues with variances in thickness up 
to 0.25 mm and sample flatness varying as much as 0.36 
mm over a 100 mm length.  At 240 GHz the wavelength is 
1.3 mm, so sample flatness would be a concern.  We 
compensated for this by gripping the sample within 10 mm 
of the spot being measured.  This constrained the coupon 
geometry to ensure a flat portion of the sample was 
measured normal to the MMW radiation.  This sample 
holding method held the coupon front reflection surface at 
the same plane in relation to the focusing mirror, thus all 
thickness variations were on the rear surface.  These 
variations in thickness accurately describe the etalon walk-
off seen in Oxide/Oxide samples, shown in Fig. 2, as 
described by: 

d
c
n
∆=∆

2φ        Eq. (1) 

Figure 1.  Reflection measurements of un-backed SiNC/SiC 
sample as compared against an aluminum reference.  The 
continuous lines are baseline sample measurements.  The 
two dotted lines are treated samples where one was 
mechanically stressed while the other was thermally 
stressed. 
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where ∆φ is the phase shift, n is the index of refraction, c is 
the speed of light, and ∆d is the thickness difference 
between two spots.   

Figure 2.  Reflection measurements of un-backed 
Oxide/Oxide sample as compared against an aluminum 
reference.  The spots are associated with specific regions of 
the sample.  The etalon walk-off is associated with nearly 
linear sample thickness variation from one end to the other. 

The reflectance was modeled in terms of a thin film as: 




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


∆
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ν
νπ2coset RRR   Eq. (2) 

where R is the measured reflectance, Rt  is the reflectance 
from the top surface, Re

 

 is the reflectance associated with 
the etalon effect, and ∆ν is the period of the etalon.  
Results from this model provided the surface reflectance 
and the index of refraction as shown in Table 1.   

Reflectance 
(%) 

Index of 
Refraction 

Thickness 
(mm) 

Oxide/Oxide 
sample 32 0.304(12) 2.43(8) 2.77(7) 

SiNC/SiC 
samples 0.307(2) – 2.19(4) 

Table 1. Summary of results from the reflectance system 
based on measurements over a frequency range of 140 to 200 
GHz.  

An image is shown in Fig. 3 of an aluminum reference 
and three SiNC/SiC samples: mechanically stressed, 
thermally stressed, and an unstressed baseline sample.  
From beam profile analyses, the beam waist is elliptical 
with approximate dimensions of 4 x 7 mm at 120 GHz.  
Our current method of analyzing image data is to take an 
average of the intensity measurements over one dimension 
of the image and divide it by the intensity of an aluminum 
reference.  An example of an intensity line profile is shown 
below the image in Fig. 3.  Mitigating the standing wave 
effects in the imaging system is more challenging since the 
sample could not be constrained to reduce the affects of 
the sample dimensional variation.  Subtle interference 
bands can be seen across the sample.  From carefully 
selected regions of the images, average intensities can be 
determined.  Using this method, the unstressed SiNC/SiC 
samples have an average reflectance of 0.312(13).  Further 
image analysis is on-going to determine if there is any 
significant difference between the unstressed and stressed 
samples.  While there appears to be a significant difference 
in the image below, some of this difference is due to 

sample position on the imaging stage. Additional etalon 
fringes in the less absorbing Oxide/Oxide CMC samples 
further complicate the image analysis.  Further work will 
include experimental modifications and etalon models to 
compensate and account for these standing wave effects. 

 

Figure 3.  Image of an Aluminum reference and three 
SiNC/SiC samples (thermal, mechanical, unstressed) 
recorded at 92 GHz.   

IV. CONCLUSION 
We have measured the reflectance of the SiNC/SiC and 

Oxide/Oxide samples and index of refraction of the 
Oxide/Oxide samples using two different systems.  Further 
work will determine if there are significant differences 
between thermally and/or mechanically degraded samples 
and untreated samples. 
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